finement of K&R events near the center of the presynaptic terminal would put glutamate release by K&R in alignment with N-methyl-D-aspartate receptors (NMDARs) located close to the center of the postsynaptic density but in less direct apposition with most of the fast a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), which appear dominant over NMDARs at the periphery ( fig. S7 ) [(16, 17) but see also (18) In bacteria, ribosomes stalled at the end of truncated messages are rescued by transfer-messenger RNA (tmRNA), a bifunctional molecule that acts as both a transfer RNA (tRNA) and a messenger RNA (mRNA), and SmpB, a small protein that works in concert with tmRNA. Here, we present the crystal structure of a tmRNA fragment, SmpB and elongation factor Tu bound to the ribosome at 3.2 angstroms resolution. The structure shows how SmpB plays the role of both the anticodon loop of tRNA and portions of mRNA to facilitate decoding in the absence of an mRNA codon in the A site of the ribosome and explains why the tmRNA-SmpB system does not interfere with normal translation.
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In bacteria, ribosomes stalled at the end of truncated messages are rescued by transfer-messenger RNA (tmRNA), a bifunctional molecule that acts as both a transfer RNA (tRNA) and a messenger RNA (mRNA), and SmpB, a small protein that works in concert with tmRNA. Here, we present the crystal structure of a tmRNA fragment, SmpB and elongation factor Tu bound to the ribosome at 3.2 angstroms resolution. The structure shows how SmpB plays the role of both the anticodon loop of tRNA and portions of mRNA to facilitate decoding in the absence of an mRNA codon in the A site of the ribosome and explains why the tmRNA-SmpB system does not interfere with normal translation.
T ransfer-messenger RNA (tmRNA), also known as 10S RNA or SsrA, is a highly structured RNA that combines properties of transfer RNA (tRNA) and mRNA in one molecule about 350 nucleotides long (Fig. 1A) (1, 2) . The tRNA-like domain (TLD) of tmRNA lacks an anticodon stem loop but contains an acceptor arm (3) that can be aminoacylated at its 3′ end by the same alanyl tRNA synthetase that aminoacylates tRNA Ala . A different region of tmRNA contains a short internal open reading frame (ORF) that acts as an mRNA template. In addition, tmRNA contains several pseudoknots and helices.
Ribosomes that reach the end of prematurely truncated or defective messages are stalled because the absence of a complete codon in the A site prevents either elongation or normal termination. In bacteria, they are rescued by tmRNA in a process called trans-translation because it involves continuing translation by changing the mRNA template. In this process, elongation factor Tu (EF-Tu) delivers tmRNA to the A site of the stalled ribosome. The nascent polypeptide chain is transferred to the alanine on the TLD. Subsequently, translocation brings the first codon of the ORF into the A site of the ribosome, and translation resumes with the ORF as the mRNA (2) . The short sequence coded by the ORF thus added to the C terminus of the partially synthesized protein acts as a degradation tag (4) . Therefore, tmRNA acts both to rescue ribosomes and to target incompletely synthesized proteins for degradation.
The binding of tmRNA to stalled ribosomes requires the protein SmpB (5) , which can bind to tmRNA simultaneously with EF-Tu (6) . Crystal structures of SmpB in complex with the TLD suggest that the protein substitutes for the missing anticodon stem inside the ribosome (7, 8) , which was supported by electron microscopy (EM) studies at~15 Å resolution (9, 10) . A previous EM study found two molecules of SmpB with tmRNA in the ribosome, with the C terminus of one of them near the decoding center of the 30S ribosomal subunit (11) . The observed proximity to the decoding center agrees with hydroxyl radical and chemical probing experiments that show protection of 16S ribosomal RNA (rRNA) bases A1492, A1493, and G530 at the decoding center upon binding of the tmRNA-SmpB complex to the ribosome (Escherichia coli numbering used for rRNA throughout) (12, 13) . However, mutations at these positions do not reduce SmpB binding to the decoding site (13) or reduce the rate of peptidyl transfer onto tmRNA (14) . The mechanism by which tmRNA and SmpB acting in concert can facilitate "decoding" in the absence of codon-anticodon base pairing has remained unclear.
Here, we present the crystal structure of the Thermus thermophilus ribosome bound to a complex consisting of a fragment of tmRNA (tmRNA Dm ) along with SmpB and EF-Tu trapped in the guanosine diphosphate (GDP) state immediately after guanosine triphosphate (GTP) hydrolysis by using the antibiotic kirromycin, as was done previously with the tRNA complex (15) . In addition, the ribosome contains deacylated tRNA fMet in the P and E sites of the ribosome and a truncated mRNA that contains two bases in the A site after the P-site codon. The construct tmRNA Dm was based on the sequence of the ssrA gene from T. thermophilus and contained 89 nucleotides (Fig. 1A) . It includes the TLD but does not contain the pseudoknots or the ORF of tmRNA. Together with SmpB and EF-Tu, similar constructs of tmRNA were capable of interacting with stalled ribosomes (10) and even of synthesizing polyalanine on 70S ribosomes in the absence of an mRNA template (16) .
Crystals were obtained in a new form with only one ribosome in the asymmetric unit. We carried out molecular replacement and initial refinement using an empty ribosome as a starting model [for details see supplementary online materials (SOM)]. All the components of the AlatmRNA Dm ·SmpB·EF-Tu·GDP complex were clearly visible in an initial unbiased difference Fourier map ( fig. S1 ). Ligands were subsequently built, and the complete model was refined to 3.1 Å resolution [I/s(I) = 2.12 at 3.20 Å] (Fig. 1B and  table S1 ), which resulted in a final R work /R free of 23.0%/27.0%.
The complex of Ala-tmRNA Dm with SmpB and EF-Tu·GDP·kirromycin in the A site of the ribosome is shown in Fig. 1C . The model of EF-Tu is complete except for the switch I region (residues 41 to 66), which was also disordered in a previous crystal structure of EF-Tu in complex with aminoacyl-tRNA (15) . The TLD of tmRNA Dm was well ordered for residues 1 to 24 and 314 to 349. SmpB could be modeled completely, including the entire C terminus, which is unstructured in solution but critical for tmRNA function (17) (18) (19) . The overall conformation of the ribosome closely resembles that of the equivalent complex of EF-Tu with acylated tRNA (15) . Despite the absence of an anticodon in tmRNA, the 30S subunit is in a "closed" conformation that is normally characteristic of the presence of a cognate codon-anticodon base pairing in the decoding center of the 30S subunit (20, 21) . The analysis of this structure now allows detailed insights into how tmRNA and SmpB together recognize stalled ribosomes and facilitate decoding, even in the absence of a codon-anticodon interaction.
The complex of SmpB and the TLD resembles a tRNA molecule. Overall, the conformation of the ribosome-bound tmRNA Dm ·SmpB complex shows the canonical L shape of a tRNA ( Fig. 2) and is similar to a closely related isolated crystal structure (root mean square deviation of 1.0 Å) (8) . This implies that the complex of SmpB and the TLD undergoes only slight conformational changes during its binding to stalled ribosomes. The only exception is the D loop, whose 5′ region moves toward the acceptor stem in the ribosome complex ( fig. S2 ). This part of the D loop shows weaker electron density and was disordered in one of the isolated crystal structures, which indicates that it has structural flexibility (7) . Overall the TLD structurally 
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and functionally mimics the acceptor arm and TYC-arm of tRNA. As suggested by previous isolated structures of the TLD·SmpB complex, the core of SmpB structurally mimics the anticodon stem of tRNA in the ribosome. Helix 2a points out of the ribosome, where its positioning would allow the pseudoknot modules of tmRNA to form an arc around the beak of the 30S subunit, as previously reported by several EM studies (22) (23) (24) . The conformation of the 3′-CCA end of Ala-tmRNA Dm and the acceptor arm, as well as the T-arm portion that interacts with EF-Tu, closely resembles the preaccommodation state of aminoacyl-tRNA (Fig. 2) . The structure of EF-Tu in the tmRNA complex showed clear extra density for GDP and kirromycin and is nearly identical to the structure of EF-Tu with cognate aminoacyl-tRNA in the ribosome. As expected, this confirms that the addition of kirromycin has trapped the AlatmRNA Dm ·SmpB particle in the state just after GTP hydrolysis in EF-Tu. Notably, SmpB shows no interaction with EF-Tu. The closest distance is about 5 Å between Y68 of SmpB and EF-Tu residue I375 (T. thermophilus numbering). Y68 is part of the central loop of SmpB that has high flexibility in solution and likely increases the aminoacylation efficiency of tmRNA (8) . Given the EF-Tu and SmpB binding sites on the TLD, the structure does not support the simultaneous binding of two SmpB proteins to the TLD before translocation (11) but rather a model in which tmRNA and SmpB enter the ribosome as a 1:1 complex that structurally mimics a tRNA whose anticodon stem loop has been replaced by SmpB.
The C terminus of SmpB, which is unstructured in solution, is completely ordered on binding the ribosome (residues 122 to 144) (Fig. 1C ). Its interactions with the ribosome are consistent with a recent hydroxyl radical probing study using SmpB mutations of the carboxy-terminal tail (25) . The C terminus first extends from the SmpB core toward the ribosomal decoding base G530 and then continues along the path normally occupied by mRNA downstream of the A-site codon (Fig. 3, A and B ). This part of the tail from residue G122 to D132 is well ordered and makes several interactions with 16S rRNA. Residue G122 is highly conserved, and its mutation to alanine reduces tmRNA-tagging in vitro (14) , which suggests that conformational flexibility in this position is essential. Several residues further, a well-defined series of interactions starts with Y126 stacking with 16S G530, which is flipped out into the anti conformation. G530 is part of the ribosomal decoding center, and a similar conformation is also observed during recognition of cognate codon-anticodon interaction (20) . Y126 is a moderately conserved residue (Fig. 3C) , and its mutation alone does not inhibit trans-translation (25) . However, this position of SmpB is highly restricted to aromatic residues, which implies that the stacking onto G530 is important for tmRNA function. Adjacent to Y126, two highly conserved basic residues are forming ionic bonds with the negatively charged phosphate backbone. K128 interacts with the phosphate group of G530 and R129 with C532. Together, these residues were previously shown to be required for tagging in vivo (14, 19) . Starting from residue D132, the sequence then forms an a helix, which extends toward the C terminus and shows weak interactions with 16S rRNA, e.g., with residues K134 and R138. In E. coli, the mutation of W147 had a strong effect on tagging efficiency (25) , and the corresponding V137 in T. thermophilus SmpB, together with L141, may be involved in hydrophobic interactions with F28 and V51 on the surface of ribosomal protein S5. Overall the helical structure of this region is highly conserved and essential for tmRNA-tagging activity (14, 26) . This suggests that these interactions of the carboxy-terminal helix with the ribosome might further stabilize the binding of SmpB to stalled ribosomes. Overall, SmpB appears to recognize stalled ribosomes by making specific interactions with regions of the ribosome that would normally be occupied by mRNA if it were not truncated. After the initial step of transtranslation, however, these contacts would need to be disrupted because the ORF of tmRNA would have to replace the C terminus of SmpB and position itself along the mRNA path before translation can resume.
The structure explains why the tmRNA system does not interfere with active protein synthesis. For crystallization, we used an mRNA sequence with two nucleotides in the A site. The second nucleotide is disordered and does (27) . Indeed, translating ribosomes treated with RelE are efficient targets of tmRNA during adaptation to starvation conditions (28) . Recruitment of tmRNA to ribosomes requires truncated mRNAs, and it has been shown that complexes with more than six nucleotides after the P-site codon are poor substrates for ribosome rescue by tmRNA and SmpB (29) . This suggests that tmRNA acts only on ribosomes that have reached the 3′ end of a nonstop message or are stalled during translation with subsequent mRNA degradation (30) . A superposition of SmpB with a ribosome structure containing a long mRNA (31) shows that the C-terminal tail of SmpB extends into the space normally occupied by mRNA, which leaves space for about four or five nucleotides after the P-site codon (Fig. 3, A and B) . The free 3′ end of truncated mRNAs probably has a certain degree of structural flexibility, but significantly longer transcripts would ultimately clash with SmpB, which provides a structural rationale for the observation that the tmRNA·SmpB complex does not compete with translation factors for A-site binding during canonical translation (32) . As in normal decoding with tRNA, the tmRNA·SmpB complex facilitates GTP hydrolysis by EF-Tu by inducing a closed conformation of the 30S subunit. During translation, correct codon-anticodon pairing induces conformational changes in the conserved 16S rRNA nucleotides A1492/A1493 and G530 in the decoding center of the 30S subunit, which lead to a closure of the 30S subunit (15, 20, 21) . Together with distortions of A-site tRNA, these changes allow the sarcin-ricin loop of the 50S subunit to stabilize an activated catalytic conformation of EF-Tu (33) . In the case of tmRNA, there are no codonanticodon interactions. The tmRNA·SmpB complex shows no major distortions after binding of the ribosome (fig. S2) , and SmpB does not interact with ribosomal protein S12, which has a stabilizing role during canonical decoding. However, two key regions of SmpB are close to the critical 16S rRNA bases involved in decoding (Fig. 3B) . As discussed earlier, Y126 near the beginning of the carboxy-terminal tail of SmpB stacks with G530. In addition, the decoding bases A1492/A1493 are displaced out of the internal loop in helix 44 but in a conformation that is somewhat different from that observed during canonical decoding ( fig. S3 ). They are close to helix a1 near the N terminus of SmpB. This region of SmpB is highly conserved (Fig.  3C ). N7 and Y14 appear to be important to stabilize the positioning of the a1 fold between b1 and b2, respectively. The charged residues R8, R9, H12, and D13, whose side chains are only weakly ordered, are within bonding distance of A1492 and A1493. These findings agree with chemical footprinting and hydroxyl radical probing studies, which found a protection of the decoding bases on binding of tmRNA·SmpB to the ribosome (12, 13). However, mutation of the decoding bases did not affect peptidyl transfer to tmRNA in vitro (14) . This suggests that regardless of specific interactions with the bases A1492 and A1493, SmpB interacts with the 30S subunit in such a way as to bring the shoulder domain of the 30S subunit (with G530) closer to its 3′ major domain (containing A1492 and A1493), which results in a closed conformation that is similar to that induced by cognate tRNA binding (see movie S1). This closed conformation is responsible for an increased rate of GTP hydrolysis in EF-Tu and subsequent accommodation of the 3′ end of tmRNA into the peptidyl transferase center (34, 35) .
The structure raises some interesting questions about what happens during translocation after accommodation of tmRNA and peptidyl transfer. Translocation must bring the ORF of tmRNA into the path normally occupied by mRNA, so that translation can resume on the ORF. However, in the crystal structure, this mRNA path is occupied by the C terminus of SmpB. Therefore, the C terminus of SmpB has to undergo a major conformational change during translocation. Indeed, in cryo-EM studies of the post-translocated complex of tmRNA, the C terminus of SmpB has been modeled in a different conformation from that seen here, which allows new interactions to take place between SmpB and the sequence upstream of the resume codon (23, 24) .
This structure of Ala-tmRNA Dm ·SmpB·EF-Tu·GDP bound to a stalled ribosome provides insights into the initial steps of trans-translation at near-atomic resolution. SmpB, tmRNA, and EF-Tu together associate in a 1:1:1 stoichiometry only with ribosomes stalled at or near the 3′ end of their transcripts. Interactions of SmpB with the decoding center induce a domain closure of the 30S subunit similar to that seen with cognate tRNA, which leads to GTP hydrolysis by EF-Tu. Because the C terminus of SmpB would overlap with the path of normal mRNA, the structure also shows why the tmRNA·SmpB complex can only act on ribosomes stalled on truncated mRNA that extends only a few nucleotides beyond the P-site codon and, thus, would not interfere with normal translation. 
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Other Supporting Online Material for this manuscript includes the following: (available at www.sciencemag.org/cgi/content/full/335/6074/1366/DC1) Movie S1. Closure of the 30S ribosomal subunit upon binding of tmRNA·SmpB.
The small subunit without translation factors (gray; PDB code 1J5E) (49) , closes when complexed with tmRNA Δm ·SmpB (orange; this work) and resembles the state during decoding of a cognate tRNA (green; PDB code 2Y10) (36) .
Preparation of ribosomes, tRNA, mRNA, tRNA synthetase, SmpB, tmRNA Thermus thermophilus 70S ribosomes, containing a truncation of protein L9 (strain MRC-MSAW1), were purified as previously described (37) . The mRNA had the sequence 5′ GGCAAGGAGGUAAAAUGUA, including a Shine-Dalgarno sequence (underlined) and 2 bases following the AUG codon in the P site (bold), and was synthesized by Dharmacon (Thermo Scientific). E. coli alanine tRNA synthetase (38) and deacylated tRNA fMet (39) were prepared as described.
The smpb gene from T. thermophilus was cloned into a pET30a plasmid (Novagen) to generate a construct encoding a N-terminal 6xHis-tag followed by a TEV protease cleavage site and the wild type, full-length SmpB protein sequence. The protein was expressed in E. coli Rosetta DE3 cells (Novagen) for 3 hours at 37 °C after induction with 1 mM IPTG and purified on a Ni-NTA column (Qiagen), using 1 M NH 4 Cl in the lysis buffer (40) . The 6xHis-tag was subsequently cleaved off by digestion with Histagged TEV protease (molar ratio 1:20) during dialysis overnight at 4 ºC (dialysis buffer 5 mM K-HEPES pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 6 mM 2-mercaptoethanol), after which untagged SmpB was obtained by passing the solution through a Ni-NTA column.
SmpB was further purified by cation exchange chromatography using a MonoS column (GE Healthcare) as described (40), concentrated and stored in small aliquots at -80 ºC in storage buffer (5 mM K-HEPES pH 7.5, 50 mM KCl, 10 mM NH 4 Cl, 10 mM Mgacetate, 6 mM 2-mercaptoethanol).
The tmRNA Δm construct was transcribed in vitro using T7 RNA polymerase (41) . The construct was based on the T. thermophilus ssrA gene sequence, containing residues 1-37
and 302-349 linked via a UUCG loop, and included four point mutations (G21A, C317U, G323U, C337A) to ensure homogenous folding (8) . The run-off transcription product was processed by a 5′ hammerhead ribozyme sequence immediately preceding the tmRNA Δm sequence and tmRNA Δm was purified by denaturing polyacrylamide gel electrophoresis (41) . RNA was eluted from the gel in an Elutrap electro-separation apparatus (Schleicher & Schuell) using TE buffer, concentrated and buffer exchanged to water by ultrafiltration and stored in small aliquots at -20 ºC.
Complex formation and crystallization
The tmRNA Δm construct was refolded by incubation at 80 ºC for 2 minutes followed by 10 minutes at room temperature in a refolding buffer (10 mM K-HEPES pH 7.5, 20 mM and P-and E-site tRNA fMet (3 µM) as described (43) . This resulted in a 2.5-molar excess of SmpB and tmRNA Δm over ribosomes and the reaction was incubated at 37 ºC for an additional 20 minutes in the presence of 50 µM kirromycin (Sigma). 70S complexes bound to the His-tagged EF-Tu were purified by Ni-NTA chromatography and pelleted through a sucrose cushion to remove excess EF-Tu and histidine (42) . In control samples, no binding of EF-Tu was observed when SmpB or alanine had been omitted during complex formation. The ribosome pellet was carefully resuspended in buffer G15 (but now at pH 6.5 and including 50 µM kirromycin) and quantified by measuring OD 260nm .
The ribosome concentration was adjusted to 4 µM and an additional 4 µM tRNA fMet was included. The detergent HEGA-9 (Anachem) was added to a concentration of 55 mM before setting up crystallization trials, resulting in a final ribosome concentration of 3.2 µM. 
Data collection and refinement
Crystals were screened for diffraction at 100 K on beamlines X06SA at SLS (PSI Villigen, Switzerland), ID14-4 at ESRF (Grenoble, France) and I03 at Diamond (Oxford, England). The final dataset was collected at SLS from three crystals and integrated and scaled using the XDS package (44) . The crystals are in space group P2 1 , with unit cell dimensions a=201.2 Å, b=290.8 Å, c=250.7 Å, β=97.6º. This form contains one ribosome complex per asymmetric unit and is related to a previously observed crystal form (33) .
A molecular replacement solution was found using 16S and 23S rRNA (33) as search models in Phaser (45) . The initial refinement using an empty 70S model showed extra electron density for mRNA, P-site tRNA fMet and E-site tRNA fMet (E-site with weaker occupancy) and the EF-Tu·tmRNA (36) .
